Introduction
Surface passivation of crystalline silicon (c-Si) has become an important issue for solar cell industry. Recently, Al 2 O 3 deposited by atomic layer deposition (ALD) has realized an excellent surface passivation for c-Si. For example, surface recombination velocity (SRV) below 2 cm/s was achieved by ALD Al 2 O 3 passivation [1] . Such high level of surface passivation by Al 2 O 3 is attributed to the presence of the large density of negative fixed charge (up to10 13 cm -2 ) at the interface between Al 2 O 3 /c-Si shielding electrons from the interface and therefore reducing electron-hole recombination [2] . Al 2 O 3 films are grown by ALD with trimethylaluminum (TMA, Al(CH 3 ) 3 ) and oxidizing precursors such as water, oxygen (O 2 ) plasma and ozone (O 3 ). Among them, Al 2 O 3 grown by ozone-based ALD shows improved electrical and structural properties and high processability [3] . However, there is still lack of characterizations in the fabrication process and passivation properties of Al 2 O 3 grown by ozone-based ALD.
In this study we present a systematic study of the composition and structure of Al 2 O 3 thin films deposited on c-Si by ozone-based ALD at different deposition temperatures.
Experimental
Al 2 O 3 thin films were deposited on both sides of a native oxide covered p-type (100) Si single crystal substrate (MCZ, ρ = 15~30 Ω·cm, 770μm) from TMA and ozone by batch ALD process. Deposition temperature was maintained at room temperature (RT) and 350 °C.
Depth resolved XPS measurements were carried out by XPS (Thermo Fisher Scientific, Theta probe). The angle between the axis of the analyzer and the sample was 60°. The measurements were performed using Al Kα as the x-ray radiation with a measuring spot of 400 μm 2 . Depth profiles were obtained by alternating narrow-scan measurements and sputtering with 3 keV Ar + -ions (raster 4×4 mm 2 ). XPS spectra were obtained after selected time of sputtering. To avoid artifacts caused by charging of the sample, a compensating current was applied and the peak positions were calibrated on the C1s peak at 284.5 eV and the Si 2p 3/2 peak at 99.2 eV. The effective lifetime of Al 2 O 3 passivated substrates was measured by μ-PCD (Semilab, WT-2000) . High-resolution TEM (HRTEM) images were used to investigate the thickness of deposited films and the effect of deposition temperature on the interfacial structure formed between ALD Al 2 O 3 and Si substrate. The thickness of analyzed sample deposited at RT and 350 °C was ca. 30 nm.
Results and discussion
Atomic concentration depth profiles of Al 2 O 3 films deposited at RT and 350 °C each were analyzed by XPS as shown in Fig. 1 . The composition of both Al 2 O 3 thin films is constant through the whole film thickness and O/Al atomic ratio is avg. 1.5 and avg. 1.3 for RT-and 350 °C -deposited samples, respectively. Meanwhile, carbon content in the RT-deposited Al 2 O 3 thin film is relatively higher (e.g. 3.75% at its maximum after 800s sputtering) than that of 350 °C-deposited Al 2 O 3 thin film, below 1% through Al 2 O 3 thin film thickness. This means that, with the increase in the deposition temperature, the amount of incorporated carbon content apparently decreases. t e n d e d A b s t r a c t s o f t h e 2 0 1 1 I n t e r n a t i o n a l C o n f e r e n c e o n S o l i d S t a t e D e v i c e s a n d M a t e r i a l s , N a g o y a , 2 0 1 1 , p p 5 2 0 -5 2 1 P -1 4 -1 Fig. 2 (c) and the deconvoluted Si 2p core-level B. E. peak at 102.5 eV in region II (Fig. 3 (a) ) is assigned to Al-O-Si bonds, confirming the formation of a intermediate layer including aluminum silicate bonding units [5] . On the other hand, Al 2p core-level B. E. shift in 350 °C -deposited Al 2 O 3 thin film has no correlation with Si content. Since the surface Fermi level of Al 2 O 3 can be altered by the overall film chemistry, including the presence of low-level impurities, peak positions for a given chemical environment may not be determined uniquely by charge correction using the C 1s and Si 2p peaks; instead, the O 1s components must be defined relative to the Al 2p peak. As shown in fig. 2 (f) , the energy spacing between the O 1s and Al 2p peaks in region I and II is in energy range from 456.5 eV to 457.0 eV for 350 °C-deposited Al 2 O 3 thin film. This means that there is no significant difference between the Al oxidation state of 350 °C-deposited Al 2 O 3 and that of sapphire [6] . In addition, Si 2p peak near 103.5 eV in region II (Fig. 3(b) ) is assigned to Si-O bonds in SiO 2 , confirming the formation of thin SiO 2 interlayer at interface between Al 2 O 3 thin film and Si substrate [7] .
XPS analysis results are confirmed by HRTEM analysis as shown in Fig. 4 . HRTEM images contrast between bulk and interface layers. In addition, interface roughness suggests a reaction has occurred at the silicon surface.
The measured effective lifetime of RT-and 350 °C-deposited Al 2 O 3 passivated Si substrates is avg. 125 and avg. 317 μs, respectively. The enhanced effective lifetime of high temperature deposited Al 2 O 3 passivated sample could be explained by the formation of thin SiO 2 interlayer which can induce negative fixed charge at interface [2] .
Conclusions
In summary, we investigated the composition and structure of Al 2 
